[1] Solar wind speed plays an important role in the study of space weather prediction. Some workers have used it for measuring the arrival time of solar disturbances at 1 AU. The purpose of this work is to extend our previous study (Wu et al., 2005c) of some Halloween 2003 events by presenting additional physical effects of multiple shock interactions on the solar wind profile during a complex compound event. In order to achieve this goal, we track a group of specific solar events' plasma and magnetic field output as they propagate into interplanetary space. A one-dimensional, time-dependent adaptive grid MHD code is used to study the evolution and interaction of shocks from Sun through the heliosphere. The MHD simulation results demonstrate that the solar wind speed might increase about %25% after two shocks collide with each other. This kind of interaction can affect the accuracy of the identification of the solar source that causes the interplanetary event (e.g., magnetic cloud, coronal mass ejection, interplanetary shock, or some other interplanetary discontinuity.) In this study we further simulate part of the famous Halloween 2003 events that contain at least four major solar events (flares) during 28 October to 1 November 2003. These major events, simulated by pressure pulses, generated shocks that matched well with ACE (Advanced Composition Explorer) observations as reported by Wu et al. (2005c) in our previous study. The present work presents new details concerning the interplay (such as sunward and antisunward traveling compression and rarefaction waves) between fast forward and fast reverse interplanetary shocks. 
[1] Solar wind speed plays an important role in the study of space weather prediction. Some workers have used it for measuring the arrival time of solar disturbances at 1 AU. The purpose of this work is to extend our previous study (Wu et al., 2005c) of some Halloween 2003 events by presenting additional physical effects of multiple shock interactions on the solar wind profile during a complex compound event. In order to achieve this goal, we track a group of specific solar events' plasma and magnetic field output as they propagate into interplanetary space. A one-dimensional, time-dependent adaptive grid MHD code is used to study the evolution and interaction of shocks from Sun through the heliosphere. The MHD simulation results demonstrate that the solar wind speed might increase about %25% after two shocks collide with each other. This kind of interaction can affect the accuracy of the identification of the solar source that causes the interplanetary event (e.g., magnetic cloud, coronal mass ejection, interplanetary shock, or some other interplanetary discontinuity.) In this study we further simulate part of the famous Halloween 2003 events that contain at least four major solar events (flares) during 28 October to 1 November 2003. These major events, simulated by pressure pulses, generated shocks that matched well with ACE (Advanced Composition Explorer) observations as reported by Wu et al. (2005c) in our previous study. The present work presents new details concerning the interplay (such as sunward and antisunward traveling compression and rarefaction waves) between fast forward and fast reverse interplanetary shocks.
Introduction
[2] For building the science-based prediction scheme of space weather, it is important to track the solar disturbances generated shocks and their interactions. Using numerical simulation, Whang and Burlaga [1986] investigated the interactions of interplanetary shock waves beyond 1 AU. The result of Whang and Burlaga [1986] showed that when a forward and a reverse fast shock propagate toward each other and collide, both shocks individually are limited. An example is the case when a fast forward shock overtakes and interacts with a fast reverse shock from a preceding event [Smith et al., 1986] . Thus the original background solar wind and magnetic field for the first transient disturbance will be changed, sometimes significantly, into a different ''background'' environment after passage of a second interplanetary transient event. The fact that multiple solar events have been observed in fairly rapid (hours) succession, with interplanetary consequences, makes it imperative that a systematic study be undertaken of interplanetary shock interactions and evolution. The present paper is a step in this direction.
[3] The development of a time-dependent model of heliospheric interplanetary magnetic and solar wind flows [e.g., Panitchob et al., 1987] has made it possible to investigate a number of scientific questions concerning the evolution of solar-generated disturbances and their heliospheric consequences. Using this MHD simulation model, Wu et al. [1996a Wu et al. [ , 1996b showed that a positive, square-wave perturbation will normally generate a pair (forward and reverse) of fast mode shocks between 0.1 and 1 AU. Strictly, the model is a 1 1 2 D model where the azimuthal components of velocity in the f direction are functions of the helioradial distance, R, only. Their results [Wu et al., 1996b] showed that a forward and a reverse slow shock can pass through each other without destroying their characteristics, but the propagating speeds for both shocks are decreased. (This result is consistent with the previous study by Whang and Burlaga [1986] .) Their results also showed that (1) a slow shock may never evolve into a fast shock and (2) a slow shock will disappear by propagating behind a strong fast shock with the same propagation direction. Using the same 1 1 2 D MHD code, Wu et al. [2004] recently studied the interaction between fast and slow shocks in the solar wind to understand the physics of the shocks' mutual interactions and to contribute to the solution of the puzzle concerning the observational paucity of slow mode shock waves. Their results showed that (1) a forward slow shock (FSS) can be destroyed by a forward fast shock (FFS) that overtakes it from behind; (2) two propagating FSSs can merge into a stronger FSS; (3) a strong FSS can survive by following a strong forward fast shock; and (4) the strength of a FSS is decreased by following a preceding, earlier-generated FFS. Their simulation results reproduce an important feature of the Helios observations [Richter , 1987] where transient fast shocks were more frequently followed within a few hours by slow shock type discontinuities rather than by fast reverse shocks. Wu et al. [2005a] also demonstrated the transition of a fast shock's overtaking a slow shock from behind.
[4] Using a three-dimensional, time-dependent MHD simulation code [Han et al., 1988] , Wu et al. [2005b] demonstrated that the shock arrival time at Earth depends on the background solar wind speeds, the initial speeds of solar disturbances, their size, and their source location on the Sun relative to Earth's central meridian.
[5] Wu et al. [2005b] recognized an important limitation to their model: it is limited to supersonic and super-Alfvénic flow from 0.08 AU (18 solar radii, 18 R ) and therefore will not accurately reflect subsonic/sub-Alfvénic transient flows at/near the Sun's surface. Thus using the Halloween 2003 events for validation purposes, the 1 1 2 D adaptive-grid MHD model [Panitchob et al., 1987] is used for further study that included this latter flow regime. Using this 1 1 2 D numerical simulation that started from the Sun for studying the Halloween 2003 event, Wu et al. [2005c] demonstrated that a forward fast shock (FFS) can be overtaken by another FFS from behind and that both shocks merged into another FFS. A discontinuity is formed during the transition of the two merging FFSs.
[6] Wu et al. [2005c] demonstrated the ability of 1.5D MHD extremely fast shocks (Vs > 2000 km/s) propagating from the surface of the Sun to the Earth. They tuned the initializing simulation results in order to match the shock arrival times with observation (solar wind data observed by Advanced Composition Explorer (ACE)) at 1 AU to decide the strength of each solar disturbance. They explained why four solar disturbances only generated three shocks at one AU because of the overtaking of one forward fast shock by the other forward fast shock from behind. Wu et al. [2005c] also calculated the speed of the shock wave that is related to the the flare (X17/4B, 1102 UT, 28 October 2003) by using the Wave Transit Method (WTM). (The detailed computational procedure for WTM is given by Wu et al. [1996b] .) They also compared the propagation speed of the shock from simulation results with the estimated speed of the halo coronal mass ejection (CME) (observed by SOHO/ LASCO). The speed of the shock wave (from simulation) is close to the observation. [7] In this study we investigate the same simulation results which were used by Wu et al. [2005c] . Meanwhile, we concentrated on the procedure of interaction between two shocks. For example, we will examine the changes in detail of the solar wind speed following the interactions of these shocks, their varying shock strengths, and the causes of their acceleration and deceleration. Specifically, we will investigate in detail the various solar wind speed effects on the shock strength and the causes of acceleration and deceleration of the shocks during the shock-shock interactions. Section 2 outlines the mathematical model; the observations at L1 are briefly described in section 3. The 1.5D MHD model's simulation results are described in section 4. A discussion and conclusions are presented in section 5.
Magnetohydrodynamics Equations
[8] The global-scale dynamics in the interplanetary solar wind can be theoretically modeled by the following MHD equations [Priest, 1982; Hughes and Brighton, 1967] in SI units; this procedure is identical with the previous study [Wu et al., 2005c , hereinafter referred to as Paper 1].
where D Dt denotes the total derivative, r is the mass density, V is the velocity of the flow, p is the isotropic gas pressure, B is the magnetic field, GM(r) is the gravitation force of Sun, e is the internal energy per unit mass (e = p/(g À 1)r) and g is the specific heat ratio (g = 1.2 is used in this study.) Equations (1), (2), and (3) express the conservation of mass, momentum and energy, respectively. In equations (2) and (3), we have ignored the viscous, heat conduction, and wave damping terms. Equation (4) is the induction equation for a perfectly conducting medium. The formulation is then closed by the ideal gas law p = 2r RT and the divergence free magnetic field, r Á B = 0. Here R is the gas constant, T is the isotropic plasma temperature, and a factor of 2 is due to the fully ionized nature of the hydrogen solar wind plasma. We choose g = 1.2 while noting that Wu et al. [2004] found similar results for g = 1.2 and 1.5 in a related study. A parametric study, relating to g or to electron effects, is beyond the scope of the present study.
Observations

Solar Flares
[9] A summary of the four chosen flares during the period from 25 October to 29 October 2003 is given in Table 1 . The first one took place at 0552 UT, 25 October in AR0484 at N00W15 as a long duration event (LDE) M1.7/SF flare. The second one occurred at 0617 UT, 26 October in AR0486 at S18E33 as another LDE X1.2/3N flare. The third one was observed at 1102 UT, 28 October, also in AR0486 at S15E08, as the X17/4B flare, followed by a halo CME. Finally, the fourth one took place at 2042 UT, 29 October as an X10/2B flare in AR0486 at S15W02. Since the model is a 1.5-D MHD model, we will implicitly assume that all four flares will be mimicked, as described below, at central meridian along the Sun-Earth line (unlike the 3-D kinematic procedure discussed by Dryer et al. [2004] , who explicitly used the locations just described.). The time delay, dt, of each flare's start time for the simulation, starting from the first flare, is given in the sixth column of Table 1 .
Advanced Composition Explorer (ACE) Observations
[10] Figure 1 [from Paper 1] shows ACE/SWEPAM/ SWICS/MAG solar wind plasma and magnetic field data The flare time is listed as the radio metric Type II start time that is close to the maximum of the soft X-ray emission in 1 -8Å . 301.06, 302.24, and 303.68 (2003) . A directional discontinuity, marked DD (to be discussed later), is noted by a vertical solid line at a smaller velocity increase from %600 km/s to 650 km/s at DOY 301.37, 2003. The proton density, in the second panel from the bottom, is not available [Skoug et al., 2004] in a reliable form during the period from 0600 UT, 29 October to 0400 UT, 30 October 2003. Veselovsky et al. [2004, Figure 7] , however, noting this problem, suggest that simulated density and velocity profiles obtained during the near real time project described by Dryer et al. [2004] are realistically satisfactory. However, we use the ACE data estimated by Skoug et al. [2004] and Zurbuchen et al. [2004] . The third panel for the temperature is notable for the flare-like value of T = 10 7°K reached immediately after the second shock's arrival. The next two panels, moving upward in Figure 1 , show the total IMF magnitude and its three components: Bx, By, and Bz in the GSE (geocentric solar ecliptic) coordinate system. The next two panels near the top give the three velocity components (Vx, Vy, and Vz) with gaps behind the second shock as discussed by Skoug et al. [2004] . The top panel, which repeats the Dst response of the magnetospheric ring current, shows the two observed sudden storm commencements (SSCs), marked by the vertical dashed lines.
[11] As mentioned in section 3.1, we identified in Table 1 the four flares that we believe are associated with the solar wind plasma velocity increases. An LDE M1.7/SF flare (25 October, 0552 UT, in AR0484 at N00W15) is related to the first velocity increase from 500 km/s to 600 km/s on 27 October. Another LDE X1.2/3N flare (26 October, 0617 UT, in AR0486 at S18E33) generated a directional discontinuity (after a shock interaction to be discussed below in greater detail) with a velocity jump on 28 October from 600 km/s to 800 km/s. An X17/4B flare (28 October, 1102 UT, in AR0486 at S18E08) generated a shock on 29 October with an observed velocity jump from 800 km/s to more than 1600 km/s. Finally, in this subset of flares, an X10/2B flare (29 October, 2042 UT, again in AR0486 at S15W02) generated a shock on 30 October with a velocity jump from 900 km/s to 1500 km/s. These three shocks and directional discontinuity (DD) are indicated in Figure 1 by three vertical dashed lines and a single solid line, respectively. Our primary objective is to trace the evolution of these shocks from the Sun, to indicate their interactions and products, and to compare them with the observed shocks and velocity profiles.
Transit Time From Sun to Earth (L1)
[12] Table 1 , as discussed in section 3.1, shows the occurrence and time delays between the four chosen flares (observed by GOES-12/SXI) and shocks that were observed at ACE. The time delay, DT, represents the elapsed time between the flare (as defined in the footnote of Table 1 ) and the corresponding shock observed at L1. The time delay, dt, represents the elapsed time between the flare under discussion and the previous flare. We suggest that the first two of the original flare-driven shocks experienced an interaction that resulted in a single shock plus a directional discontinuity (noted as DD in Figure 1 and section 5.1 of Wu et al. [2005c] ).
The 1.5-D MHD Simulation Results
[13] This famous Halloween 2003 event has been studied previously by either data analysis [e.g., Skoug et al., 2004; Gopalswamy et al., 2005] or numerical simulation [e.g., Wu et al., 2005c Wu et al., , 2006 . The choice of solar disturbances has been described in detail by Wu et al. [2005c, Paper 1] . Therefore we are not going to repeat it here. For completeness, however, we briefly describe some of the basic results. Figure 2 shows the evolution of perturbation variables at the lower boundary as discussed in Paper 1. The steady state solar wind plasma and magnetic field is shown in Figure 3 (identical to Paper 1) from the Sun to 400 R . The vertical line indicates the location of 1 AU.
[14] Figure 4 shows, in higher resolution, the solar wind speed monitored at ACE in both the simulation (solid line) and observations (dotted line) [Wu et al., 2005c] . The arrival times of the three simulated shocks (FFS1, FFS3, and FFS4) and the directional discontinuity (DD) match quite well with ACE's observations. In addition, the simulated plasma speed profiles behind the three shocks are also in good agreement with the observations. The reader is reminded that the simulated shock arrival times were already matched to the actual arrival times via the trial and error procedure discussed in detail in the previous study [Wu et al., 2005c] . [16] In Figures 5, 6 , and 7, we will show the simulation of shock interactions during their propagation from the Sun into the heliosphere up to and beyond Earth. Figure 5 shows the simulation results of the solar wind solution versus heliocentric distance %8 hours after each pressure pulse was initiated on the Sun. Each pressure pulse generates a forward fast shock (FFS). Thus, the four shocks, associated with the four pulses, are indicated by downward arrows and are located $30, 33, 87, and 72 solar radii (R ), respectively. The marks at FFS1, FFS2, FFS3, and FFS4 represent the forward fast shocks that are generated, respectively, by pressure pulses 1, 2, 3, and 4. Note that FFS3, at t = 85.1 hours (Figure 5c ) has already reached 87 R , whereas FFS4 has only reached 72 R at t = 118.2 hours (Figure 5d ). The mark of RFS3 represents a reverse fast shock that was created by the pressure pulse 3 (see Figure 5d. ) [17] Figure 6 shows the simulated multiple shock interactions for various solar wind parameters versus heliocentric distance at t = 123.2, 124.2, 125.2, and 126.2 hours that correspond to the times (in DOY, 2003) 303.33, 303.38, 303.42, and 303.46 , respectively. Figure 6a shows that FFS4 is approaching RFS3 from behind. The downstream velocity, Vr (or Vr(peak) at this time), for FFS4 is 2246 km/s. Figures 6b-6d show the procedure of collision between these two shocks. The marks of Vr(peak) mean the maximum solar wind speed in the r-direction. The amplitude of Vr(peak) increases just before FFS4 collided with RFS3 but decreases right after the collision between FFS4 and RFS3 (see Figures 6a -6c) . Figure 6c shows that the feature of RFS3 disappeared temporally immediately after the collision. The RFS3 reappears several hours later (see Figures 7c -7d .) However, Vr(peak) increased dramatically one hour after the collision of these two shocks. Vr(peak) increases about $17%, from 2246 to 2636 km/s. Vr(peak) continues to decrease while FFS4 propagates away from the reverse wave (see Figure 7) .
Merging of Two Forward Fast Shocks
[18] Figure 8 shows the merging procedure of two FFSs, that is, FFS2 overtakes FFS1 from behind. The Vr(peak) represents the peak value of Vr within the area bounded by the two dashed lines in the panel for radial velocity. The mark of FFS1+2 (Figures 8c and 8d) represents the forward fast shock that was created by the merging of two FFSs (FFS1 and FFS2) . Figures 8a -8d show clearly that Vr of FFS2 increases while FFS2 is approaching FFS1 from behind. Vr decreased after FFS1 was overtaken by FFS2.
Acceleration and Deceleration of Shocks
[19] Forward fast shocks (FFSs) propagate outwardly from the Sun, and reverse fast shocks (RFSs) propagate toward the Sun. The latter are usually convected outwardly in the inertial frame of reference. Thus in the FFS's frame of reference, the upstream flow is on the antisolar side of the shock. In the RFS's frame of reference, the upstream flow is on the solar side of the shock. For FFSs, the ratios of downstream/upstream properties for solar wind magnetic field, velocity, density, and temperature are greater than one. For the RFS's frame of reference mentioned above, the ratios of downstream/upstream plasma and magnetic field properties are also greater than one.
[20] Figure 9 shows a full set of physical details, including the transient solar wind speed changes, during the propagation and interactions of the various shock waves discussed earlier. These details, as a function of time since the first solar flare event, are shown as follows: Figure 9a shows characteristic speeds (fast, sound, and Alfvén) in the flow just upstream, i.e., sunward side, of the four reverse shock waves; Figure 9b shows characteristic speeds (fast, sound, and Alfvén) in the flow just upstream, i.e., antisunward side, of the four forward shock waves; Figure 9c shows magnetoacoustic Mach numbers of all four fast forward and reverse shock waves; Figure 9d shows solar wind speeds upstream of all four forward and reverse shock waves (note that the downstream plasma speed is shown only for FFS4); Figure 9e shows location (in solar radii, R ) of all fast forward and reverse shocks. Note that RFW1 changes to RFS1 after it is overtaken by FFS2 at t % 40 hours as indicated by the vertical (left-most) orange/red line. Note, also, that the black solid line and the black dashed line in Figure 9e correspond to the upstream and downstream locations of the same shock, FFS4.
[21] The yellow vertical line represents the location (%150 R ) of the FFS4's interaction with RFS3 as the former shock overtakes the latter from behind. Note, in Figure 9d ) has a big jump (from %2200 km/s to %2700 km/s) after FFS4 collided with RFS3.) Also, the magnetoacoustic Mach numbers (M_FFS4 and M_RFS3) of both shocks decreased after their collision. Furthermore, FFS4's Mach number dropped from %8 to %2 because its upstream fast wave speed, Cf4 (black curve in Figure 9b ), increased dramatically after the collision. Similarly, RFS3's magnetoacoustic Mach number also decreased because Cf3R (red curve in Figure 9d ) also increased after the collision. We might speculate, although this topic is beyond the scope of this paper, that such Mach number changes might be reflected in the shocks' abilities to accelerate protons to higher energies.
[22] The black vertical line (t % 65 hours) represents two simultaneous events as follows: (1) the location close to 1 AU of FFS2's overtaking FFS1 and (2) the location (%180 R ) of RFS2's overtaking RFS1. In the first case, it is clear that the magnetoacoustic Mach number increased after the merging of the two forward shocks because the fast mode speed of the second stronger shock decreases during the merging process.
[23] The blue vertical line (t % 100 hours) represents the location beyond 1 AU of the simulated interaction of the interaction of FFS3 with the merged reverse shock, RFS1 + 2, mentioned above. Figure 9c shows that M_FFS3 dropped precipitously (from about %15 to %5) as its upstream characteristic wave speed, Cf3, increased several-fold.
[24] The complexity of the above interactions is a reflection of the fact that the basic plasma parameters changed in various ways. The result of these transient physical changes is to generate unforeseen solar wind and characteristic fast mode wave fluctuations. Thus the various shocks accelerated or decelerated as a consequence of interacting compression and rarefaction MHD waves that could not be Figure 9 . Characteristic wave speeds, magnetoacoustic Mach Number, solar wind speeds, and locations of forward and reverse shock waves as a function of time after the first flare-generating CME and shock. (a) Cf (fast wave speed), Cs (sound wave speed), and CA (Alfvén wave speed) for fast reverse shocks (for example, Cf1R is the fast wave speed on the sunward side of RFS1); (b) Cf, Cs, and CA for the fast forward shocks [for example, Cf1 is the fast wave speed on the antisunward side of FFS1]; (c) magnetoacoustic Mach Number of both forward and fast shocks; (d) solar wind plasma speed; and (e) locations (or trajectories) of the various forward and reverse shocks as well as the reverse fast compression wave, RFW1, that becomes RFS1 after it is overtaken by FFS2 at t % 40 hours. The solid vertical lines (orange/red, black, blue, and yellow) are defined in the text.
anticipated in compound events such as during the presently simulated Halloween 2003 situation.
Discussion and Conclusion
[25] A solar disturbance might take 1-5 days to propagate from Sun to Earth depending on the propagating speed of the particular solar-generated disturbance and the background solar wind speed. Many workers often use the solar wind speed observed at 1 AU to trace the source of a solar eruption which produced a shock, interplanetary CME (ICME), magnetic cloud, or other heliospheric phenomenon at 1 AU. We believe that this approach can be misleading and inappropriate. Instead, our approach is to track, via modeling techniques, the disturbances from explicitly chosen solar sources. We chose several specific situations during the Halloween 2003 events. Table 2 shows the forming time, forming location, and propagation speed of forward fast shocks generated by the four pressure pulses which mimic the major Halloween 2003 events. Table 2 also shows the shock speeds derived from SOHO/LASCO observations and the estimated delay time of shock propagation from Sun to the Earth. The shocks produced by the second, third and fourth flares (or flare eruptions at 0617 UT on 2003-10-26; 1102 UT, 2003 and 2042 UT, 2003-10-29) take 43 hours and 33 min, 18 hours and 58 min, and 19 hours and 37 min, respectively, to propagate to the Earth. According to SOHO/ LASCO CME observations, the average shock speeds of CMEs observed at 0617 UT on -10-26, 1102 UT on 2003 -10-28, and 2042 UT on 2003 -10-29 are 1371 , 2459 , and 2029 km/s between 3 R and 30 R (adapted from the CME list given in the Web site, http://cdaw.gsfc.nasa.gov/ CME_list/). These speeds imply that the shocks produced by these CMEs should arrive at Earth in 30.3, 16.9, and 20.5 hours, respectively, as listed in the sixth and seventh rows of Table 2 . However, according to the observations from the ACE spacecraft, these shocks took 43.5, 19, and 19.5 hours to reach the Earth. The shock arrival times estimated from the simulation results are close to the ACE observations as a result of the ex post facto tuning procedure described by Wu et al. [2005c] .
[26] The shock generated by the flare that erupted on 2003-10-26 took 43.5 hours to reach the Earth. The real propagating time is much longer than the delay time estimated by using either SOHO/LASCO (30.3 hours) or 1.5-D simulation results (40.4 hours). The current study (see section 4) shows that the shock speeds might either decrease or increase after colliding with each other. The shock speed generated by the 2003-10-26 flare decreased while it propagated toward the Earth. The shock merging, as suggested by our simulation, might be one of the reasons that caused the decreased shock speed.
[27] According to the speed (estimated by SOHO/LASCO) of the fourth shock (FFS4) created by the 2003-10-29 flare, it should have arrived at Earth 20.5 hours after the eruption of the flare. However, the ACE observation shows that it only took 19.5 hours for the shock to reach 1 AU. What caused the shock speed to increase after the shock was originally formed? The analysis in section 4.1 shows that the downstream speed of this simulated FFS increased %25% after it collided with a RFS (also see black dashed line in Figure 9d ). In addition, our previous simulations [Wu et al., 2005b] showed, as expected, that the shock arrival times at Earth depend on the magnitudes of the background solar wind speeds, particularly in the disturbed, postshock region. Since the upstream solar wind speed of FFS4 increased by the passing of FFS3, this might be another reason for FFS4's arrival at Earth earlier than what it presumably should have been.
[28] Solar wind speed plays an important role on the Sunto-Earth portion of space weather prediction considerations. Scientists have often used solar wind speeds observed at 1 AU to measure the arrival time of solar disturbances at the Earth [e.g., Leamon et al., 2002] . The results of this study show that the speed downstream of a shock might either decrease or increase after the collision of shocks. The solar wind speed might increase considerably after the collision of two shocks or decrease after the merger of two shocks that are propagating in the same direction. This kind of interaction might affect the accuracy on the identification of a solar disturbance source which caused the interplanetary events (e.g., magnetic cloud, interplanetary coronal mass ejection, shock, or other discontinuity). Therefore in pursuit of space weather forecasting, it is important to have knowledge of the background solar wind condition and the time delay between solar disturbances for predicting fiducial events, such as an ICME's shock arrival at Earth. We believe these factors to be especially important when closely spaced solar events (flares, CMEs, etc.) can possess arbitrary energy outputs.
[29] There were more than 12 solar flares observed during the famous Halloween 2003 epoch which we investigated in this study. We chose four major events to simulate because there were four major velocity jumps in ACE observations. A flare, followed by a CME, was observed for each of these four events. One might expect a shock to be followed by a sheath region, then an ICME when the shock arrived at 1 AU. (An ICME is known as a region with high magnetic field, low The averaged propagation speed of forward fast shock near the Sun (between the forming location and 85 R ).
d ESTT is estimated shock traveling time. Estimated time delay for a shock propagating from Sun to the Earth by using MHD simulation results. e We might assume that the closeness of the shock speed to the CME speed (catalogued from SOHO/LASCO observations and adapted from http://cdaw.gsfc.nasa.gov/CME_list/produced by Seiji Yashiro and Nat Gopalswamy) implies that the two might be identical.
f Estimated time delay for a shock propagating from Sun to the Earth by using SOHO/LASCO observation.
g The Alfvénic Mach numbers are computed via WTM [Wu et al., 1996a [Wu et al., , 1996b . solar wind density, and low temperature. A sheath is bounded by a shock and front boundary of an ICME.)
[30] During the collision of two shocks, one might expect the shocks to either accelerate or decelerate. This process depends on the upstream solar wind conditions of the shocks. Shock strength would increase when the upstream fast wave speed is decreased. In contrast, shock strength would decrease when the upstream fast wave speed is increased. The speed of a fast wave is dominated by two facts: solar wind density and magnetic field.
[31] It is easy to understand that the sound wave speed will decrease if solar wind density decreases. The Alfvén wave speed will decrease if the magnetic field decreases and the density increases. In contrast, the Alfven wave speed will increase if the magnetic field increases and the density decreases. Obviously, the Alfvén wave speed may either decrease or increase when both magnetic field and density decrease or increase at the same time depending, of course, on which parameter's movement (caused by the interaction) is the more dominant.
[32] In this study, when FFS2 overtakes FFS1, both the solar wind density and magnetic field decrease (see Figure 8b ), but the solar wind density dominates the fast wave speed, [Cs > CA] . Upstream Cf of FFS1 was decreased while FFS2 merged with FFS1. Therefore the magnetoacoustic Mach number of FFS1+2 (M_FFS1+2) was greater than both M_FFS1 and M_FFS2 (see blue and red lines in Figures 9b-9c) .
[33] For the collision between FFS4 and RFS3, both propagation speed and Mach number of FFS4 immediately decreased. Both solar wind density and magnetic field were increased in the downstream of RFS3 (the downstream of RFS3 will be the upstream of FFS4 after collision.) During a very short period, Mach number of FFS4 was fluctuating while FFS4 was colliding with RFS3 (see black line in Figure 9c ). This process was caused by the compressed solar wind density by both FFS4 and RFS3 from both sides as indicated in Figure 6 . Cf increased after the collision; this increase caused the magnetoacoustic Mach number of FFS4 to drop dramatically after collision. The sound speed ahead of FFS4 increased because the solar wind density increased after the shocks' collision. RFS3's shock strength also decreased after collision since the solar wind speed and magnetic field of FFS4 increased immediately downstream.
[34] Upstream solar wind conditions affect shocks' acceleration or deceleration. The simulation results up to 1 AU show that (1) strength of a shock wave will decrease when it propagates into a region with increasing solar wind density; and (2) strength of a shock wave will increase when it propagates into a region with decreasing solar wind density. Alternatively stated, our 1.5-D MHD study with adaptive gridding procedures showed that complex fast mode compressions and rarefactions during compound events, as in our Halloween 2003 study, can significantly affect ''background'' solar wind speeds and shock dynamics that cannot be easily anticipated.
